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The single-copy hepatitis B virus transgene in the E36 transgenic mouse strain undergoes methylation changes in
a parent-of-origin, tissue, and strain-specific fashion. In a C57BL/6 background, the paternally transmitted
transgene is methylated in 30% of cells, whereas it is methylated in more than 80% of cells in (BALB/c x
C57BL/6) F1 mice. We established previously that several genetic factors were likely to contribute to the
transgene methylation profile, some with demethylating and some with de novo methylating activities. Using
quantitative trait loci (QTL) mapping, we have now localized one major modifier locus on chromosome 13
(Mod13), which explains a 30% increase in the methylation level of this transgene with no effect on the flanking
endogenous sequences. No other QTL could be identified, except for a demethylating activity of low
significance located on chromosome 12. Recombinant inbred mice containing a BALB/c allele of Mod13 were
then used to show that the presence of Mod13 is sufficient to induce de novo methylation. A segregation
between de novo methylation and repression of transgene expression was uncovered, suggesting that this genetic
system is also useful for the identification of factors that interpret methylation patterns in the genome.
CpG methylation of regulatory sequences is associated
with the control of gene expression in vertebrates. Par-
ticular methylation patterns of genes are established
during development by a combination of maintenance
methylation by DNMT1 and de novo methylation by
DNMT3a and DNMT3b (Bird and Wolffe 1999). Inac-
tivation of these methyltransferase genes affects mouse
development (Li et al. 1992; Okano et al. 1999), and
mutations in Dnmt3a cause the ICF syndrome in hu-
man (Xu et al. 1999). In addition, the recently de-
scribed demethylase may play a role in developmental
and tissue-specific gene activation (Bhattacharya et al.
1999). Other factors that affect the methylation status
of genes are largely unknown.
It has been proposed that cytosine methylation
evolved in vertebrates as a host defense mechanism
against mobile elements (Yoder et al. 1997). Trans-
genes carrying sequences of bacterial or viral origin
and tandemly repeated sequences (Garrick et al. 1998)
often appear to be the target for de novo methylation
early in development. Strain-specific modifications of
transgene methylation have been described (Allen et
al. 1988; Engler et al. 1991; Weichman and Chaillet
1997) establishing a genetic system in which methyl-
ation modifiers can be characterized. Candidate genes
for these modifiers include the members of the SWI/
SNF family proteins, as reported for ATRX responsible
for modifications of the methylation levels of repeti-
tive elements (Gibbons et al. 2000).
We have previously described the effect of differ-
ent genetic and environmental factors on the methyl-
ation status of the E36 transgene, consisting of one
copy of a recombinant pBR322 plasmid bearing a por-
tion of the hepatitis B virus genome (HBV; Babinet et
al. 1985). On maternal transmission, the transgene be-
comes de novo methylated and inactivated (Had-
chouel et al. 1987) in every genetic background tested.
Following paternal transmission in a C57BL/6J back-
ground, the S gene remains undermethylated (Pourcel
et al. 1990), whereas a single cross to a BALB/cJ female
results in transgene hypermethylation and inactiva-
tion. We showed that several strain-specific genetic
factors contributed to the transgene methylation pro-
file, some with demethylating and some with de novo
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methylating activities (Schweizer et al.
1998). We have now performed a QTL
analysis to genetically map the locus re-
sponsible for the transgene de novo meth-
ylation in the progeny of a cross between
(BALB/cJ x C57BL/6J) F1 females and E36
(C57BL/6J) males (BCxE progeny).
RESULTS
The BALB/c Modifier Effect Is Restricted
to the Transgene
The E36 transgenic line was in a C57BL/6J
background at the beginning of this study,
as the result of 12 successive backcrosses of
trangenic males (originally C57BL/6J x SJL/
J) with C57BL/6J females. E36 males were
crossed to (BALB/cJ x C57BL/6J) F1 females,
and the transgenic BCxE progeny was se-
lected.
To analyze the transgene methylation
levels, we used the methylation sensitive
restriction enzyme HpaII, which cuts the
HBV sequence at three sites. Site H1 is lo-
cated in the S gene, whereas site H2 and site
H3 are in the enhancer and X gene region,
respectively (Fig. 1a). As there is only one
copy of the transgene, the methylation
level at these sites reflects cellular mosa-
icism. In a C57BL/6J background, site H1 is
methylated in all the cells of non-liver tis-
sues, whereas sites H2 and H3 are methyl-
ated in only about 30% of cells (Pourcel et
al. 1990). In our previous study on a small
set of BCxE mice, the transgene methyl-
ation level was measured in the liver, the
organ in which the S gene is transcribed in
response to tissue-specific and hormonal
factors (Farza et al. 1987). To avoid any in-
terference with liver-specific factors, and to specifically
assess the effect of the BALB/c modifier on the trans-
gene methylation, we performed the present study on
DNA extracted from heart and lung of newborn mice.
We analyzed the degree of methylation at site H2 fol-
lowing digestion of genomic DNA with EcoRI + HpaII,
and hybridization with the HBV Eco-Ac probe (Fig. 1a).
Figure 1b shows a representative blot displaying the
transgene methylation profile of 10 BCxE mice from
four litters. Only two bands were observed, the uncut
2.1-kb EcoRI fragment and a 1.1-kb fragment corre-
sponding to digestion at site H2. As expected for non-
liver tissue, there was no band corresponding to diges-
tion at site H1 (producing fragments of 0.4 kb and 0.7
kb; see Fig. 4b). Probe Eco-Ac does not detect fragments
produced by digestion at sites H2 and H3.
Hybridization with PBR322 sequences showed
that they are methylated to the same degree as HBV
sequences (data not shown). Thus, it appears that in a
given cell all the transgene HpaII sites are either non-
methylated or methylated, with the exception of site
H1, which requires transcription activation to be de-
methylated. The transgene methylation percentage
was calculated as the ratio of the 1.1-kb signal to the
2.1-kb + 1.1-kb signals.
To investigate the methylation status of the whole
insertion domain, we made use of several genomic
probes, located in the vicinity of the transgene inser-
tion. The E36 transgene insertion region (Hbvi) was
previously assigned to chromosome 13, close to
D13Mit64, by linkage analysis using a probe flanking
the transgene (probe 4–12; Hadchouel et al. 1987).
Analysis of a 30-kb genomic DNA region at the inser-
tion site allowed the isolation of several unique probes.
Figure 1 Methylation levels of the transgene and endogenous sequences in 10
BCxE progeny. (a) Genetic organization and restriction map of HBV sequences
(striped bar) and of 20-kb mouse genomic sequence flanking the transgene on one
side. 4–12, B4 Pst and 16–2P (dark bars) are probes selected for methylation
analysis. EcoRI (E) and HpaII (H) sites are shown. (b) Southern blot hybridization
profile of genomic DNA digested with EcoRI + HpaII (samples 1–10) or EcoRI
(sample 11), and hybridized successively with HBV Eco-Ac, 4–12 and 16–2P
probes. The size of relevant restriction fragments are shown on the side. The
transgene methylation levels calculated from the HBV hybridization are shown for
samples 1–10.
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B4Pst1–2, localized 8 kb from the HBV insertion site, is
a fragment of an expressed intronless gene and also
cross-hybridizes to an intron-containing gene on chro-
mosome 3 (Pourcel et al. 2000; AJ305034). The intron-
less gene can encode a protein, as shown by in vitro
transcription-translation studies (Schweizer 1995). The
analysis of the insertion locus also revealed the exist-
ence of a deletion of genomic DNA flanking the trans-
gene. Probes 4–12 and B4Pst1–2 lie in hypermethylated
domains, whereas probe 16–2P, localized 15 kb from
HBV, is methylated in the testis only. The methylation
level of these different probes was identical in BCxE
mice with otherwise different HBV methylation levels
(Fig. 1b; data not shown), indicating that the effect of
the BALB/cJ modifiers was restricted to the transgene.
The Transgene Methylation Is Under
Polygenic Control
The transgene methylation level was measured on 256
BCxE samples, and the results are depicted in Figure 2.
On Figure 2a, mice were ordered on the x-axis accord-
ing to their transgene methylation percentage (y-axis).
The methylation percentages show an even distribu-
tion between 3% and 100%, suggesting a polygenic
control. About 15% of mice show a methylation level
below that of the E36 (paternal) progenitors (30%),
whereas 34% of mice show a methylation level above
the (BALB/cJ x E36) F1 maternal progenitors (85%). On
Figure 2b the data have been divided into categories
(x-axis), and the number of mice in each category is
shown on the y-axis. The two representations clearly
show that the phenotypic distribution is not normal.
These results from a large population confirm our pre-
vious hypothesis about the action of several trans-
acting modifiers on the transgene, with methylating
and demethylating activities segregating in BCxE mice
(Schweizer et al. 1998).
A Major QTL Is Mapped
on Chromosome 13
To analyze the linkage between the methylation level
and the genotype, a whole genome scan was per-
formed using 102 microsatellite markers from the se-
lection of Schalkwyk et al. (1999). This corresponds to
four to eight loci analyzed for each chromosome, with
an average spacing on the mouse genetic map (http://
www-genome.wi.mit.edu/) of 11cM.
Genetic distances between markers in the BCxE
cross were determined using the Mapmaker 3.0
(Lander and Botstein 1989) analysis program with dis-
tances reported in Haldane centimorgan units. The
maps we obtained were in good agreement with the
consensus map of the mouse genome (Mouse Genome
Database), taking into account the fact that the maps
produced in the present work are female recombina-
tion maps.
A QTL analysis of the data for 88 mouse samples
was first performed using the MultiQTL software pack-
age version 2.0 (http:\\www.multiqtl.com), identify-
ing a region on chromosome 13 with a peak LOD score
of four at position 27.5cM distal to D13Mit64. An ex-
tended analysis of chromosomes 2, 5, 6, 9, 12 and 18,
for which weak LOD scores had been found, was per-
formed with the total BCxE population (256 mice). The
LOD score for the chr12 putative QTL, with a potential
demethylating effect, reached 1.96. The significance of
this LOD was evaluated by permutation tests to
p = 0.015.
Additional informative markers (total of 15) were
chosen for chr13, and the LOD score for the QTL
reached 16.5 in the vicinity of markers D13Mit21-
D13Mit97 (Fig. 3a). The presence of BALB/cJ alleles at
this locus was responsible for an increase of the meth-
ylation level of 29% (95% confidence interval: 23% to
34%) when compared with mice homozygote for a
C57BL/6J region. Thirty-three percent of the pheno-
typic variance (95% confidence interval: 22% to 44%)
Figure 2 Distribution of the methylation percentages in 256
BCxE progeny. (a) BCxE mice (x-axis) were ordered according to
their transgene methylation percentage (y-axis). (b) Mice have
been grouped into categories (x-axis) from 0–10% methylation,
10–20%, etc. The number of mice in each category is shown on
the y-axis.
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was explained by the presence of a QTL on chr 13. The
99.9% confidence interval for the location of the QTL
is D13Mit64-D13Mit97, which includes the Hbvi locus.
Finally, because the effect of the chr 13 QTL is
strong and may hide other, minor QTLs, we performed
additional tests for linkage at a second locus (see Meth-
ods), and this showed no evidence of a second locus,
whether or not interacting with the chr 13 locus.
The Effect of the chr13 QTL Is Confirmed Using
Recombinant Inbred Mice
To test whether the presence of the BALB/c allele at the
chr 13 modifier (named Mod13) is necessary and suffi-
cient to induce a high level of transgene methylation,
we sought to use recombinant inbred strains derived
from the cross of parental BALB/cByJ (C) and C57BL/
6ByJ (B) strains (Bailey 1971). We chose four strains of
the CXB RI panel: two with a chr 13 region, encom-
passing the Mod13 QTL, of BALB/cByJ parental origin
(CXB5 and CXB7), and two with a Mod13 region of
C57BL/6ByJ origin (CXB1 and CXB6; Table 1). Because
differences have been documented between the J and
By substrains, and microsatellite genotyping reveal
some degree of polymorphism (Panoutsakopoulou et
al. 1997), we first checked the genotype of the four
selected strains with markers D13Mit64, D13Mit21,
D13Mit91, D13Mit97, and D13Mit202. No difference
with the genotype of the BCXE parental strains could
be observed.
The transgene methylation levels were thus ana-
lyzed in the heart and the lung of newborn transgenic
progeny (Fig. 4a) and in the liver of adults (Fig. 4b). The
transgene methylation in the CXB5 progeny was 80%
(mean value from three newborn and two adult mice)
and that of CXB7, 60% (mean value from two new-
borns and two adult mice). In the progeny of E36 x
CXB1 and CXB6, the transgene methylation level was
30% (mean value from three newborn mice) and 20%
(mean value from six newborn and four adult mice),
respectively. Thus the effect of the BALB/cByJ Mod13
region provided by the recombinant inbred is similar
to that of the BALB/cJ substrain. We then wished to
analyze whether the level of S gene expression would
be correlated with the degree of transgene methyl-
ation. Serum HBsAg was measured by ELISA (data not
shown) in adult mice, and the liver S mRNA was ana-
lyzed by Northern blot (Fig. 4c). Interestingly, (CXB5 X
E36) F1 and (CXB7 X E36) F1 mice had high levels of
transgene expression, both at the RNA and protein
level, similar to C57BL/6J E36 and (CXB6 X E36) F1
mice. (CXB1 X E36) F1 had the highest levels of ex-
pression.
DISCUSSION
By combining a QTL analysis and the use of recombi-
nant inbred mice, we provide strong evidence of the
existence on mouse chr 13 of a locus responsible for
the E36 transgene de novo methylation. Examination
of the alleles in the region encompassing D13Mit63 to
D13Mit97 of the BCxE population shows that all but
one of the mice with a transgene methylation level
Table 1. Chr13 Genotype of the Four Recombinant Inbred Strains
Markers D13Mit 235 88 64 91 238 21 97 126 202 53 262
HBV
methylation
Rec.Inb CXB5 B C C C C C C C B B B 75–95%
CXB7 B B B B B C C C C B B 50–85%
CXB6 B C B B B B B B B B B 20–40%
CXB1 B B B B B B B B B B B 16–25%
Markers are those from the literature and additional ones used in this study. The methylation percentage of hepatitis B virus sequences
in (CXB x E36)F1 progeny is shown on the right side. (B) C57BL/6, (C) BALB/c.
Figure 3 Localization of the chr 13 modifier. The LOD score
peak is maximum between D13Mit21 and D13Mit97, but the
99.9% confidence interval includes Hbvi, the transgene insertion
site.
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below 40% are C57BL/6 homozygous. Mice with a high
transgene methylation levels have frequently BALB/c
alleles at these loci, although there are exceptions
showing that other loci can also induce de novo meth-
ylation. Crosses to recombinant inbred mice suggest
that the existence of BALB/c alleles at the Mod13 locus
on the maternally inherited chr 13 is sufficient to
methylate the transgene sequences on the paternal chr
13 in more than 60% cells. Other factors may be nec-
essary, in addition, to achieve the highest levels of
methylation (80% and more).
The phenotypic distribution in the BCxE mice sug-
gests the existence of several factors affecting the trans-
gene methylation level. However, we have not found
any strong evidence for the existence of other methyl-
ation QTL. A potential demethylating QTL may be pre-
sent on chr 12 (on which Dnmt3a is localized), but the
number of mice in the 0% to 30% methylation cat-
egory, possibly affected by this QTL, is very small.
Other studies will be necessary to confirm the exist-
ence of a demethylating activity.
As previously reported, the regulation of transgene
methylation is site specific, and we show here that it
does not affect the methylation of the endogenous in-
sertion locus. This is different from the effect of the
Ssm1 modifier, on the bacterial sequences present in
the transgene pHRD (Engler et al. 1998). The transgene
pHRD is highly methylated in 12 independent mouse
lines when in the C57BL/6 strain background despite
different integration sites (Engler et al. 1991). In E36,
the transgene and the dominant modifier locus Mod13
are located in the same region on chr 13, although the
genotyping and recombinant inbred data indicate that
Mod13 may be distinct from Hbvi. In the present study,
a microsatellite located 10 kb from Hbvi (CA 20; Fig. 1a)
was mapped using a radiation hybrid panel near
D13Mit91. The location of the modifier near the trans-
gene insertion site may be coincidental and not func-
tionally relevant. However, it is possible that the
BALB/c region on the maternal chromosome interacts
with the C57BL/6 paternal region bearing the trans-
gene, resulting in a signal for the action of de novo
methylation factors. This is reminiscent of the mecha-
nism of ‘cross-talk’ proposed by M. Monk (1990) to
explain both the maternal imprinting and strain-
specific de novo methylation of transgenes. There is
evidence for somatic pairing of homologous chromo-
somes in the mouse, and the existence of trans-allelic
interactions has been described in several organisms
(including maize, Drosophila, and mice). Diploid or-
ganisms may develop defense mechanisms that detect
and block differences between two homologous chro-
mosomes.
We previously postulated that B4Pst, a gene lo-
cated near the transgene insertion site and weakly tran-
scribed from the maternal allele during development,
may influence the transgene methylation-imprinting
(Schweizer 1995). This cannot explain, however, the
promethylating effect of a modifier acting in trans.
The present study was conducted to map QTLs re-
sponsible for de novo methylation early in develop-
ment and affecting the transgene to the same extent,
in all the organs of the mouse. In previous analyses we
showed that (BALB/cJ x E36) F1 mice with high trans-
gene methylation levels (more than 80%) had little or
no liver S gene expression (Schweizer et al. 1998). In-
terestingly, we found that the progeny of recombinant
inbred strains CXB5 and CXB7 females crossed to a E36
male express large amounts of SmRNA and HBsAg, al-
though the transgene methylation is above 80%. Thus,
in this particular allelic combination, either 20% of
liver cells can produce as much SmRNA as 70% cells in
a C57BL/6 background, or methylation and repression
are not directly coupled. It is possible that the By back-
ground of the RI parental strains is providing a particu-
lar control on the transcription level. Studies are in
progress to test the basis for this regulation. In plants,
the disruption of a member of the SWI/SNF family pro-
teins, the MOM protein, releases transcriptional silenc-
ing of a methylated gene (Amedeo et al. 2000). Methyl-
binding proteins, such as MeCP2 and the MBD protein
family, involved in assembling transcriptional silenc-
ing complexes on methylated DNA (Bird and Wolffe
1999) may also be involved in this regulation.
Figure 4 Southern blot analysis of heart and lung DNA (a), or
liver DNA (b), from the progeny of a E36 male crossed to BALB/cJ
(B1, B2, BA1), C57BL/6J (C1, C2, CA1), and recombinant inbred
mice CXB5 (5–1, 5–2, 5-A1, 5-A2), CXB7 (7–1, 7–2, 7A1, 7A2),
CXB6 (6–1, 6–2) and CXB1 (1–1, 1–2). Samples were restricted
with EcoRI and HpaII, except for sample Eco with EcoRI alone. (c)
Northern blot analysis of the liver S mRNA in the progeny of a E36
male crossed to C57BL/6J (CA1, CA2), and recombinant inbred
mice CXB5 (5-A1, 5-A2), CXB7 (7-A1, 7-A2), CXB6 (6–1, 6–2)
and CXB1 (1–1, 1–2). Samples labeled A are from adults.
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This work suggests that several genes involved in
methylation might possess alleles with different activi-
ties. This is important in view of the consequences of
epigenetic modifications in cancer cells (Baylin and
Herman 2000) and genetic diseases (Robertson and
Wolffe 2000) or the possible role of methylation as a
host defense mechanism (Bestor and Tycko 1996; Yo-
der et al. 1997).
METHODS
Transgenic Mice
The E36 transgenic mouse strain has been maintained by suc-
cessive crosses of males to C57BL/6J females. In these mice the
S gene encoding the surface antigen (HBsAg) is specifically
transcribed in the liver in response to tissue-specific and hor-
monal factors (Farza et al. 1987), and HBsAg is secreted in the
serum.
Recombinant inbred females were purchased from The
Jackson Laboratory.
DNA and RNA Analyses
DNA was prepared from heart and lungs of one- or two-day-
old newborn mice using the method described in Pourcel et
al. (1990). For the methylation analysis, DNA was restricted
with EcoRI and HpaII and run on 1% agarose gels. Southern
blots were performed by capillarity on Genescreen mem-
branes (NEN). The membranes were hybridized to a HBV
EcoRI-AccI fragment (Eco-Ac probe) prepared from HBV-
recombinant plasmid PCP10 (Dubois et al. 1980) or to mouse
genomic fragments described in Pourcel et al. (2000). The in-
tensity of each band was estimated by densitometric scanning
using Storm Imager and Imagequant software (Molecular Dy-
namics). Total RNA was extracted using Tripure Isolation Re-
agent (Boehringer Mannheim) and analyzed on 1% formal-
dehyde agarose gels. The RNA transferred to nylon mem-
branes (Hybond N Amersham France SA) was hybridized to
the HBV Eco-Ac probe or a Gapdh probe as a control.
Genotyping and QTL Analysis
The PCR reactions were performed in part using forward prim-
ers labeled with fluorescein or FITC labels (TIB MOLBIOL,
Berlin) and analyzed on a Pharmacia ALF Gel system using
fragment manager software. For manual analysis, PCR prod-
ucts were separated by electrophoresis either on 4% agarose
gels or on standard denaturing polyacrylamide gels followed
by transfer to positive-charged nylon membrane (Pall). The
membranes were hybridized with a primer labeled with alpha-
32PdCTP using terminal transferase (Boehringer, Lewes).
Genotypes were determined after autoradiography. QTL
analysis was first performed with the MultiQTL program ver-
sion 2.0 (http:\\www.multiQTL.com), using the interval
analysis and marker restoration options. Five thousand per-
mutations were run to estimate QTL significance.
Because of lack of normality of the phenotype distribu-
tion, a second analysis was performed by creating order cat-
egories for the methylation levels (x) into seven categories
(x < 31%, 31%  x < 45%, 45%  x < 61%, 61%  x < 78%,
78%  x < 89%, 89% 7 x < 100%, x = 100%). We tested for
a linear trend of genotype frequencies with respect to order
categories. Additional tests of linear trend were performed
separately in animals with heterozygous and homozygous
genotypes at the marker on chromosome 13 most strongly
linked to the trait
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